Phosphatidylinositol monophosphate 5-kinase (PIP5K) catalyzes the synthesis of PI-4,5-bisphosphate (PtdIns(4,5) P 2 ) by phosphorylation of PI-4-phosphate at the 5 position of the inositol ring, and is involved in regulating multiple developmental processes and stress responses. We here report on the functional characterization of Arabidopsis PIP5K2, which is expressed during lateral root initiation and elongation, and whose expression is enhanced by exogenous auxin. The knockout mutant pip5k2 shows reduced lateral root formation, which could be recovered with exogenous auxin, and interestingly, delayed root gravity response that could not be recovered with exogenous auxin. Crossing with the DR5-GUS marker line and measurement of free IAA content confirmed the reduced auxin accumulation in pip5k2. In addition, analysis using the membrane-selective dye FM4-64 revealed the decelerated vesicle trafficking caused by PtdIns(4,5)P 2 reduction, which hence results in suppressed cycling of PIN proteins (PIN2 and 3), and delayed redistribution of PIN2 and auxin under gravistimulation in pip5k2 roots. On the contrary, PtdIns(4,5) P 2 significantly enhanced the vesicle trafficking and cycling of PIN proteins. These results demonstrate that PIP5K2 is involved in regulating lateral root formation and root gravity response, and reveal a critical role of PIP5K2/PtdIns(4,5)P 2 in root development through regulation of PIN proteins, providing direct evidence of crosstalk between the phosphatidylinositol signaling pathway and auxin response, and new insights into the control of polar auxin transport.
Introduction
The phosphatidylinositol (PI) signaling pathway and its relevant molecules play critical roles in regulating plant growth and stress response (for reviews, [1] [2] [3] ). PI monophosphate 5-kinase (PIP5K) is a key enzyme in the PI signaling pathway that catalyzes the synthesis of PI-4,5-bisphosphate [PtdIns(4,5)P 2 ], which is the precursor of two important secondary messengers: inositol 1,4,5-trisphosphate [Ins(1,4,5)P 3 ] and diacylglycerol [4, 5] .
As a multifunctional molecule, the role of PtdIns(4,5) P 2 is far beyond simple conversion to its end products, and research in animal cells has shown that PtdIns(4,5) P 2 is involved in various processes via interactions with different protein partners, including actin-interacting enzymes (for review, [6, 7] ). In addition, PIP5K and its product PtdIns(4,5)P 2 play critical roles in both anterograde and retrograde vesicle trafficking. PtdIns(4,5)P 2 can bind many endocytic proteins and affects endocytosis by modulating the actin cytoskeleton assembly, or plays multiple roles in exocytosis by binding to several exocyst components. PtdIns(4,5)P 2 can also interact with ion channels (for review, [8, 9] ) and regulators of vesicle trafficking in plant (for reviews, [10] [11] [12] ).
In Arabidopsis thaliana, 15 putative proteins that have significant sequence similarity to animal or yeast PIP5Ks [13] have been identified. Besides 4 homologs of yeast PIP5K, 11 PIPK isoforms can be divided into two subfamilies (A and B) according to their domain organization [14] . The catalytic activities of using PtdIns4P as the preferred substrate to generate PtdIns(4,5)P 2 have all been characterized [15] [16] [17] [18] . Studies have revealed the physiological functions of some PIP5Ks, including PIP5K1 in abscisic acid signaling [19] ; PIP5K3 in root hair formation and growth [16, 20] ; PIP5K4 in stomata opening [21] ; and PIP5K4-6 in pollen tube growth [17, 22] . In addition, PIP5K9 regulates root growth and is involved in sugar signaling [23] .
Root architecture determines the ability of a plant to acquire water and nutrients from the soil. Lateral roots in Arabidopsis are derived from a subset of pericycle founder cells, which are adjacent to the two xylem poles. Upon initiation, the pericycle cells divide and develop lateral root apical meristems, which in turn produce mature lateral roots. Among the signals that determine lateral root formation, the plant hormone auxin is widely considered a key regulator [24, 25] . Arabidopsis mutants with high levels of endogenous auxin as well as seedlings treated with exogenous auxin display increased lateral roots [26] [27] [28] , whereas mutants defective in auxin accumulation, transport and signaling produce fewer lateral roots [29] [30] [31] .
Root gravitropism is also regulated by auxin, especially polar auxin transport, which is mediated by membranelocalized auxin-influx and -efflux carriers, including AUX1/LAX proteins, the PIN-FORMED (PIN) efflux carriers and the MULTIDRUG RESISTANCE/P-GLY-COPROTEIN (PGP) class of ATP-binding cassette auxin transporters [32] [33] [34] [35] . Genetic analyses have revealed the critical roles of the influx carrier AUX1 and efflux carrier PIN proteins in gravity response. Mutation in AUX1 abolishes root gravitropic curvature [36] ; similarly, pin2 seedlings are agravitropic, whereas PIN2 overexpression results in an enhanced tropistic response [37, 38] . The lateral relocation of PIN3 in response to gravity redirects the auxin flux and mediates tropism in Arabidopsis [39] . Correlation of PI signaling and PIPK activity with gravitropism was first discovered in maize pulvini, of which the rapid changes of the specific activity of PIP5K and levels of the second messenger Ins(1,4,5)P 3 were observed in the early phase of gravistimulation [40] . Later, the universal role of Ins(1,4,5)P 3 in the gravity response was further revealed in Arabidopsis [41, 42] .
Recent studies have shown that PIN proteins (PIN1, 2 and 3) undergo a constitutive cycling between the plasma membrane and endosomal compartments, which is of great importance to their polar subcellular localization and function [39, 43] . This process is dependent on clathrin-mediated endocytosis, intracellular vesicle trafficking [44, 45] and actin cytoskeleton, and is controlled by auxin signaling and membrane sterols [12, [46] [47] [48] .
Although many pieces of evidence have indicated the crosstalk between the PI signaling pathway and auxin signaling pathway via regulation of auxin homeostasis or auxin transport [12, 42, [49] [50] [51] , the potential link of PIP5K with auxin-related processes has not yet been directly investigated. Here we report on the functional characterization of Arabidopsis PIP5K2, which is expressed in various tissues and whose expression is enhanced by exogenous auxin. Our studies indicate that PIP5K2 participates in both lateral root formation and root gravity response of Arabidopsis by regulating auxin accumulation and polar auxin transport.
Results

Structural analysis of Arabidopsis PIP5K2, which is expressed in various tissues and whose expression is enhanced by exogenous IAA
To study the physiological function of Arabidopsis PIP5K2, the full-length cDNA of PIP5K2 was amplified by PCR, which is 2 265-bp long and encodes a 754-amino-acid peptide (~86.3 kDa) with high similarity to other type B PIP5Ks in Arabidopsis. Structural organization analysis indicated that PIP5K2 contains seven MORN (membrane occupation and recognition nexus) motifs at the N terminus (residues 80 -239) and a catalytic domain at the C terminus (residues 382 -751; Figure 1A) .
Study of the expression pattern of PIP5K2 by quantitative real-time RT-PCR (qRT-PCR) analysis showed that PIP5K2 was transcribed in various Arabidopsis tissues, including roots, shoots, leaves, flowers and seedlings ( Figure 1B) . Further, the detailed expression pattern of PIP5K2 was investigated by promoter-reporter gene fusion studies. The 1.9-kb promoter region of PIP5K2 was amplified and fused to the GUS coding region, and then introduced into Arabidopsis. Analysis of GUS activities of independent positive transgenic lines revealed that PIP5K2 was highly expressed in young seedlings, including the cotyledons, hypocotyls, roots ( Figure 1C [53] (same for Figure 2C ). Scale bar = 1 mm (a-e), 0.5 cm (f) or 50 µm (g-l). (D) qRT-PCR analysis of PIP5K2 expression after treatment with exogenous IAA. Ten-day-old Arabidopsis seedlings were treated with IAA (0.1, 1 or 10 µM) or indole-3-carboxylic acid (ICA, 10 µM) for 0, 0.5, 1, 2, 3, 6 or 12 h. The ACTIN7 gene was used as an internal positive control and the transcript level of PIP5K2 in untreated seedlings was set as 1.0. Error bars represent SD (n = 3).
tal stages ( Figure 1C , f-l). Compared to the promoterreporter study of PIP5K2 performed by Stenzel et al. [16] , our results provide more detailed expression patterns of PIP5K2, especially in floral tissues and during lateral root development.
qRT-PCR analysis further revealed that PIP5K2 expression is enhanced by exogenous IAA. Elevated transcript levels of PIP5K2 were detected under IAA treatment (0.1, 1 or 10 µM), while the expression remained unaffected upon treatment with indole-3-carboxylic acid (ICA), a structural analog of IAA with no biological activity ( Figure 1D ). According to these results, we speculated that PIP5K2 may play a role in auxin-related processes.
PIP5K2 knockout results in reduced lateral root formation
To study the physiological functions of PIP5K2, a putative knockout mutant pip5k2 (SALK_012487) was identified by searching the Salk Institute T-DNA insertion library database (http://signal.salk.edu/cgi-bin/ tdnaexpress, [52] ). The T-DNA was inserted at the first intron ( Figure 2A , upper panel), which was confirmed by PCR analysis. The F2 progeny of heterozygous mutant plants segregated at a 3:1 ratio, indicating a single T-DNA insertion in the genome. Furthermore, qRT-PCR analysis revealed the deficiency of PIP5K2 expression in homozygous plants (Figure 2A, lower panel) .
Phenotypic observation showed that the pip5k2 mutant plants have normal appearance, including growth rate, flowering and fertility when grown under standard growth conditions; however, the lateral root number of pip5k2 was much reduced compared to the wild type (WT) when the seedlings were grown on vertical MS medium for 10-12 days ( Figure 2B ). To further investigate the reason for the reduced number of lateral roots, the numbers of lateral root primordia and lateral roots at different developmental stages were counted and statistically analyzed. The developmental stages of lateral roots were classified according to Zhang et al. [53] (stage A, up to three cell layers; stage B, unemerged lateral root of more than three cell layers; stage C, emerged lateral root less than 0.5 mm in length; stage D, lateral root longer than 0.5 mm). The numbers of lateral root primordia and lateral roots of all four stages of pip5k2 seedlings were significantly reduced compared to WT. The reduction was more severe in developmental stages A and D ( Figure  2C ), indicating that the reduced number of lateral roots in pip5k2 is more likely caused by reduced lateral root initiation rather than defect in lateral root emergence with normal initiation.
To confirm whether the pip5k2 phenotype is indeed caused by PIP5K2 deficiency, the coding region of PIP5K2 driven by the CaMV35S promoter was transferred into the pip5k2 plants through genetic transformation. Homozygous lines containing single-copy T-DNA insertions were obtained and used for subsequent analysis. The recovered expression levels of PIP5K2 in
npg individual transgenic lines were confirmed by qRT-PCR ( Figure 2A , lower panel) and measurements of lateral root density revealed that the phenotype of reduced lateral root formation was recovered with transformation rescue of PIP5K2 ( Figure 2D , left panel).
To gain further insight into PIP5K2 function, transgenic plants overexpressing PIP5K2 compared to the WT background were also generated. Analysis with qRT-PCR confirmed a 3-to 4-fold increase of PIP5K2 expression in individual positive transgenic plants (Figure 2A , lower panel). However, phenotypic observations and measurements showed that the transgenic lines overexpressing PIP5K2 were apparently normal, and no difference in lateral root formation was observed ( Figure 2D , left panel).
Considering that PtdIns(4,5)P 2 is the direct and major product of PIP5K2, we also tested whether exogenous PtdIns(4,5)P 2 could rescue the defect of pip5k2 mutant. As shown in Figure 2D (right panel), when supplemented with exogenous PtdIns(4,5)P 2 , the pip5k2 seedlings could produce as many lateral roots as WT seedlings, while treatment with PtdIns4P or carrier only (which is used to transfer the lipid into plant cells [22, 54] ) had no effect. This indicates that the reduced lateral root formation of pip5k2 is indeed caused by insufficient endogenous PtdIns(4,5)P 2 production.
Auxin accumulation is reduced in pip5k2
Much experimental evidence strongly supports a key role of auxin during lateral root formation [55] , and application of exogenous auxin results in the induced lateral root formation in Arabidopsis [28] . We thus examined whether exogenous auxin can rescue the lateral root defect in the pip5k2 mutant. Four-day-old WT and pip5k2 seedlings (neither of which has lateral roots at this stage) were transferred to medium containing various concentrations of IAA or NAA for eight days, and calculation of the numbers of lateral roots per centimeter of primary root showed that, although the untreated pip5k2 seedlings exhibited ~50% fewer lateral roots, treatment with exogenous IAA or NAA resulted in a similar density of lateral roots as the WT. Treatment with a higher concentration of IAA or NAA resulted in an increased but equivalent number of lateral roots formed in both WT and pip5k2 ( Figure 3A ), demonstrating that exogenous auxin could rescue the lateral root formation phenotype in pip5k2.
The regulation of auxin in lateral root development is executed on several different levels. Interruption in auxin accumulation, transport or signaling results in reduced lateral root formation. However, the observation that exogenous IAA recovered the lateral root formation in pip5k2 strongly indicates a potential alteration in auxin accumulation or distribution in pip5k2 seedlings. To confirm this, Arabidopsis seedlings containing the DR5-GUS cassette (the GUS-coding sequence under transcriptional control of a synthetic auxin-inducible promoter), which has been used widely to detect the auxin accumulation and distribution [56] , were included in the study. The DR5-GUS cassette was transferred into pip5k2 through genetic crossing. As shown in Figure 3B , strong GUS signals were detected in the hypocotyl-root junctions and root tips of the WT seedlings; however, GUS signals in pip5k2 seedlings were significantly suppressed throughout. In addition, application of exogenous auxin (IAA or NAA, 0.1 µM) resulted in an induction of GUS signals in the roots of both WT and pip5k2.
Further examination of auxin accumulation in lateral root primordia and emerged lateral roots showed that the GUS signal distribution was not affected in the pip5k2 seedlings; however, the signal levels were significantly reduced in all developmental stages compared to WT ( Figure 3C , left panel). These observations indicate a decrease of free auxin level in pip5k2 seedlings. Considering that DR5-GUS could also reflect the change of auxin response in addition to auxin accumulation and distribution, 10-day-old WT and pip5k2 seedlings were used to measure the free IAA content, and results showed that the free IAA level in pip5k2 was indeed decreased (~77% of that in WT, Figure 3C , right panel). These results reveal that auxin accumulation is suppressed under PIP5K2 deficiency, and suggest that the reduction of auxin in lateral root primordia might contribute to the suppressed lateral root initiation.
pip5k2 has delayed root gravity response and is sensitive to the polar auxin transport inhibitor N-1-naphthylphthalamic acid (NPA)
The above observations demonstrate that PIP5K2 deficiency results in reduced lateral root formation which is mainly caused by reduced auxin accumulation, because exogenous IAA could effectively rescue this defect. However, it is still interesting to investigate whether PIP5K2 also has impact on other auxin-related processes. Considering that other two important enzymes in the PI signaling pathway, phospholipase D (PLD) and inositol polyphosphate 5-phosphatase (5PTase) are both involved in auxin transport regulation, the root gravity response -another process regulated by auxin, specifically by polar auxin transport [57] [58] [59] was examined. As shown in Figure 4A , measurements of root curvature in response to gravity demonstrated that pip5k2 bent more slowly than WT, while transgenic lines with transformation rescue of PIP5K2 exhibited similar root curvature as WT, indicating a delayed root gravity response under PIP5K2 Fourday-old WT and pip5k2 seedlings were transferred to MS medium supplemented with IAA or NAA (0, 0.1 or 1 µM) for another 8 days, and lateral root density was measured and statistically analyzed using a heteroscedastic Student's t-test (*P < 0.01). Error bars represent SE (n > 30). (B) Auxin accumulation was decreased in pip5k2 seedlings. GUS expression was detected in the DR5-GUS marker line and pip5k2×DR5-GUS seedlings grown for 6 days after germination (DAG) on MS medium with or without exogenous auxin (IAA or NAA, 0.1 µM). Arrows highlight the accumulation of auxin at the hypocotyl-root junctions and root tips. Exogenous auxin in low concentrations enhanced the auxin levels in both DR5-GUS and pip5k2×DR5-GUS seedlings. For each treatment, at least 20 seedlings were analyzed and representative images are shown. Scale bar = 1 mm. (C) Significantly reduced auxin accumulation in lateral root primordia and emerged lateral roots of pip5k2 (left panel). Strong GUS activities were detected in lateral root primordia and emerged lateral roots at different developmental stages of DR5-GUS seedlings, while much weaker GUS signals were detected in pip5k2×DR5-GUS seedlings. A total of 20-30 seedling roots were analyzed and representative images are shown. Scale bar = 20 µm. Quantitative measurement of free IAA content in 10-day-old WT and pip5k2 seedlings confirmed the decreased IAA amounts (right panel). The measurements were repeated three times and statistically analyzed using a heteroscedastic student's t-test (*P < 0.01). Error bars represent SE.
deficiency. As exogenous auxin could recover the reduced lateral root formation and as auxin content is also crucial in gravitropism, the effect of exogenous auxin was examined. After 90° reorientation for 6 h and 12 h, the root curvatures of WT and pip5k2 seedlings treated with IAA or NAA (1 nM or 10 nM) were measured and statistically analyzed. The results indicate that treatment with neither IAA nor NAA recovers the reduced root curvature in pip5k2. Treatment with 1 nM IAA resulted in a slight increase, whereas 10 nM IAA caused a ~30% decrease of root curvature in both WT and pip5k2 seedlings ( Figure 4B , left panel). Similar situation was observed when NAA was applied ( Figure 4B , right panel). These findings indicate that the delayed root gravity response in pip5k2 is not caused by decreased auxin accumulation, and that the PIP5K2 regulation of root gravity response may be achieved by other routes. A likely possibility is that PIP5K2 regulates root gravity response by affecting polar auxin transport. Accordingly, the auxin transport inhibitor-NPA was used to investigate whether polar auxin transport is impaired in pip5k2. Indeed, the results showed that when seedlings were grown on media containing 0.5 or 1 µM NPA, the growth of primary roots was much more inhibited in pip5k2 than in WT seedlings ( Figure 4C , left panel). Further analysis confirmed that pip5k2 is more sensitive to NPA than WT ( Figure 4C , right panel). Not surprisingly, the altered response to NPA by pip5k2 was recovered in transgenic lines with transformation rescue of PIP5K2 ( Figure 4C , right panel).
Vesicle trafficking is decelerated in pip5k2, which can be recovered by exogenous PtdIns(4,5)P 2
Research in animals has revealed the critical role of PIP5K and its product PtdIns(4,5)P 2 in regulating vesicle trafficking, including both endocytosis and exocytosis. PtdIns(4,5)P 2 is able to bind all known endocytic clathrin adapters, and sequestration of PtdIns(4,5)P 2 dominantly inhibits clathrin-mediated endocytosis in vitro [7, 60] . On the other hand, auxin efflux carriers, PIN1 and PIN2, cycle between the plasma membrane and endosomal compartments, and this cycling is dependent on clathrin-
npg mediated endocytosis and intracellular vesicle trafficking [44, 45] . These clues strongly suggest that PIP5K2 might regulate auxin transport by affecting vesicle trafficking.
To test this, FM4-64, a water-soluble and membraneselective fluorescent dye frequently used as a membrane marker to monitor endocytosis in mammalian, fungal and plant cells [61] , was used to investigate the potential involvement of PIP5K2 in vesicle trafficking. As shown in Figure 5A , after staining for 30 min, the FM4-64 dye was internalized, and a substantial number of fluorescent vesicles were detected in the cytosol of WT root cells. In contrast, only a few fluorescent vesicles were observed in pip5k2 root cells, suggesting a severe reduction of the internalization of FM4-64 in pip5k2. To test whether this is caused by PtdIns(4,5)P 2 insufficiency, pip5k2 seedlings pretreated with exogenous PtdIns(4,5)P 2 , PtdIns4P or the carrier only were examined and an effective recovery of FM4-64 internalization was observed under the treatment of PtdIns(4,5)P 2 , but not PtdIns4P or the carrier, highlighting the importance of PtdIns(4,5)P 2 in this process. In addition, the reduced vesicle trafficking was also recovered with the transformation rescue of PIP5K2. Together, these results suggest that PIP5K2 positively regulates vesicle trafficking in Arabidopsis root cells, which is probably achieved by its product PtdIns(4,5)P 2 .
To confirm whether PtdIns(4,5)P 2 has a direct effect on vesicle trafficking, the internalization of FM4-64 was detected in WT root cells pretreated with exogenous Figure 4 pip5k2 has delayed root gravity response and is sensitive to polar auxin transport inhibitor NPA. (A) Time course of curvature in seedlings' gravity response tests. Root curvatures of 4-day-old WT, pip5k2, transgenic WT with enhanced PIP5K2 expression, or pip5k2 seedlings with transformation rescue of PIP5K2 expression were measured at different time points after 90° reorientation. Statistical analysis was performed using a heteroscedastic Student's t -test (*P < 0.01). Error bars represent SE (n > 40). (B) Exogenous IAA or NAA did not recover the root gravity response of pip5k2. Four-day-old WT or pip5k2 seedlings were vertically grown on MS medium containing 0, 1 or 10 nM IAA or NAA and reoriented by 90° for 6 or 12 h. Root curvatures were measured and statistically analyzed using a heteroscedastic Student's t-test, which indicated significant differences compared to WT in all tests (P < 0.01). Error bars represent SE (n > 40). (C) pip5k2 seedlings were more sensitive to the polar auxin transport inhibitor NPA. Growth of 9-day-old pip5k2 seedlings was inhibited more severely by NPA treatment compared to WT seedlings (left panel). Measurement and calculation of relative root lengths of WT, pip5k2 and transgenic WT with enhanced PIP5K2 expression, or pip5k2 seedlings with transformation rescue of PIP5K2 expression in the presence of various concentrations of NPA confirm these observations (right panel). Primary root lengths of untreated plants were set as 100%, and statistical analysis was performed using a heteroscedastic Student's t-test (*P < 0.01). Error bars indicate SE (n > 40).
PtdIns(4,5)P 2 . As shown in Figure 5B , after staining for 10 min, the internalization of FM4-64 was obviously observed in cells pretreated with PtdIns(4,5)P 2 , but almost undetectable in controls (treatment with water, PtdIns4P or the carrier, Figure 5B , upper panels). The internalization of FM4-64 could be observed in cells with all kinds of treatment after staining for 30 min and there are more visible vesicles in PtdIns(4,5)P 2 -pretreated cells ( Figure 5B, bottom panels) . These results confirm that PtdIns(4,5)P 2 indeed has a positive effect on vesicle trafficking.
In addition, examination of the sensitivity of pip5k2 to a vesicle transport inhibitor, BFA, which can inhibit exocytosis to form BFA compartments [62] , showed that treatment with 50 µM BFA for 30 min inhibited the vesicle trafficking in pip5k2 root cells, whereas vesicle trafficking was not totally inhibited in WT cells, which had a substantial number of small and dispersed vesicles under the same treatment ( Figure 5C , upper panel). Treatment with 100 µM BFA resulted in the formation of BFA compartments in both WT and pip5k2 cells; however, the sizes of the compartments in pip5k2 cells were much larger ( Figure 5C , lower panel), suggesting a more severe inhibitory effect of BFA under PIP5K2 deficiency. Due to its inhibitory effect on vesicle trafficking in cells, BFA imposes specific effects on auxin transportrelated processes such as inhibition of root and hypocotyl elongation [43, 46] . Measurement of root lengths of light-grown seedlings and hypocotyl lengths of darkgrown seedlings on MS media containing various concentrations of BFA showed that the inhibition of both primary root and hypocotyl elongation was more pronounced in pip5k2 than in WT ( Figure 5D ). These observations confirm that pip5k2 is more sensitive to BFA, and that vesicle trafficking is indeed suppressed in pip5k2 to some extent.
PIP5K2 deficiency caused decelerated polar auxin transport and PIN protein cycling
The delayed root gravity response and hypersensi- tive response to the polar auxin transport inhibitor NPA of pip5k2 seedlings suggest that polar auxin transport may be disrupted under PIP5K2 deficiency. To confirm this, 6-day-old WT and pip5k2 seedlings were used for quantitative analysis of polar auxin transport in roots and the results showed that the basipetal auxin transport was reduced to approximately half of that of WT in pip5k2 seedlings. In addition, the acropetal auxin transport was also inhibited to ~60% compared to WT seedlings (Figure 6A) , confirming that PIP5K2 deficiency resulted in the reduced polar auxin transport in roots. Although in pin1 seedlings, the decrease in rootward transport is only 30% under both dark and light conditions [63] , we believe that this difference may be due to the differences in plant growth conditions and experimental procedures.
The auxin efflux carrier PIN2 mediates basipetal auxin flux and plays a critical role in root gravity response [37] . Thus, the effects of PIP5K2 on the cycling of PIN2 between the plasma membrane and endosomal compartments were examined. To facilitate PIN2 observation, the PIN2-enhanced green fluorescent protein (EGFP) expression cassette was put into the pip5k2 background through genetic crossing. Confocal microscopy observations showed that the polar localization of PIN2 was not affected in pip5k2 ( Figure 6B, a, g ). BFA treatment for 0.5 h had no obvious effect on PIN2-EGFP cycling in control seedlings, whereas a significant aggregation of PIN2-EGFP in the BFA compartments was observed in pip5k2 cells ( Figure 6B, b, h ). When the treatment time was prolonged to 1 or 2 h, much more PIN2-EGFP aggregates and larger BFA compartments were observed in pip5k2 cells compared to WT seedlings ( Figure 6B, c, d , i, j). Furthermore, after BFA was washed out for 1 h, most BFA compartments disappeared and normal polar localization of PIN2-EGFP was detected in WT ( Figure 6B , e). In contrast, accumulated PIN2-EGFP in pip5k2 was not recovered effectively ( Figure 6B, k) . When BFA was washed out for 2 h, total recovery of PIN2-EGFP localization in both WT and pip5k2 seedlings was observed ( Figure 6B, f, l) . These results indicate that PIN2 cycling between plasma membrane and endosomal compartments is decelerated in pip5k2.
In order to confirm the effect of PtdIns(4,5)P 2 on PIN2 cycling, BFA-pretreated PIN2-EGFP seedlings were washed with buffer containing exogenous PtdIns(4,5)P 2 . As shown in Figure 6C , after washing with PtdIns(4,5) P 2 for 20 min, ~80% of accumulated PIN2-EGFP disappeared, whereas no difference was detected when washing with PtdIns4P or carrier. The localization of PIN2-EGFP almost totally recovered when PtdIns(4,5)P 2 washing was extended to 40 min, while clear PIN2-EGFP aggregation can still be observed by washing with PtdIns4P or carrier. This indicates that PtdIns(4,5)P 2 could ameliorate the suppression of PIN2 cycling by BFA. Although PIP5K2/PtdIns(4,5)P 2 promotes endocytosis and recycling, the processes are not completely inhibited in pip5k2 mutant. As BFA mainly blocks exocytosis, the increased BFA bodies can still be observed in pip5k2 mutant ( Figure 6B) .
Similarly, PIN3 exhibits a constitutive intracellular cycling between plasma membrane and endosomal compartments as PIN2 does [39] . To further investigate the effect of PIP5K2 on PIN protein cycling, a PIN3-GFP marker line was also included to facilitate the observation of PIN3 subcellular localization and intracellular cycling. Interestingly, confocal microscopy observation showed that similar to PIN2, the cycling of PIN3-GFP was also inhibited to some extent in pip5k2 root cells compared to that in WT. As shown in Figure 7 , although BFA treatment for 0 and 0.5 h had no obvious effect on PIN3-GFP cycling in both WT and pip5k2 cells ( Figure  7 enhanced PIN3-GFP aggregation in the BFA compartments in pip5k2 root cells (Figure 7, c, d , i, j). In addition, washout of BFA for 1 h was sufficient for recovery of the normal localization of PIN3-GFP in WT (Figure 7 , e), while accumulated PIN3-GFP still remained in pip5k2 cells (Figure 7 , k). Even after BFA was washed out for 2 h, small amount of PIN3-GFP aggregation could still be observed in pip5k2 cells (Figure 7, l) , while in WT cells the effect of BFA was totally eliminated (Figure 7, f) . These observations reveal that PIP5K2 is required for both PIN2 and PIN3 cycling and suggest that the regulation of these PIN proteins may contribute to the role of PIP5K2 in root gravity response.
Suppressed redistribution of auxin and PIN2 under gravistimulation in pip5k2
In agreement with the classic Cholodny-Went theory, recent studies have shown the formation of lateral auxin gradients in Arabidopsis roots upon gravistimulation [64] [65] [66] . To determine whether the reduced gravity response in pip5k2 is accompanied by an alteration in the asymmetric distribution of auxin in the root tip, GUS activity under gravistimulation was analyzed in WT and pip5k2 seedlings containing the DR5-GUS cassette. It has been reported that the DR5-GFP signal is detected to relocate in the root tip after gravistimulation for 3 hours, and compared with DR5-GFP, as the detection of DR5-GUS need staining with GUS buffer for about 4 hours, thus the relocation of DR5-GUS signal could be observed later after gravitropism [67] . As shown in Figure 8A , after gravistimulation for 4 h, there was no obvious auxin redistribution in WT or pip5k2 seedlings compared to nonstimulated seedlings. However, when the stimulation was extended to 6 h, ~50% of WT seedlings exhibited extended auxin redistribution basipetally along the gravity side, whereas this effect was almost undetectable in pip5k2 seedlings. After gravistimulation for 8 h, auxin redistribution was more obvious in WT seedlings, i.e., the area of auxin redistribution is expanded to the curve of the roots, while still no obvious difference was detected in pip5k2 seedlings compared to nonstimulated ones.
In WT Arabidopsis roots, asymmetric PIN2 distribution can be detected after 1-2 h of gravistimulation and the PIN2-specific signals are weaker at the upper side than the lower side of horizontally positioned roots, especially in epidermal cell layer [68] , which is regulated by intracellular vesicle trafficking and could result in gravistimulated auxin redistribution. Considering that pip5k2 shows both altered PIN2 trafficking and auxin redistribution, microscopy observation of PIN2 distribution under gravistimulation showed that the differential distribution of PIN2 in WT seedlings appeared after 1.5- 
Discussion
The activity of Arabidopsis PIP5Ks has been examined in either bacteria or insect cells. In roots, the activity of PIP5K2 converting PtdIns4P into PtdIns(4,5)P 2 is only lower than PIP5K3 and is much higher than other isoforms [16] . In this study, we demonstrate that PIP5K2 is necessary for lateral root formation and root gravity response by affecting auxin accumulation and PIN-mediated polar auxin transport through regulation of vesicle trafficking.
PIP5K2/PtdIns(4,5)P 2 regulates vesicle trafficking and is crucial for lateral root formation
Comparing with PIP5K3 that is expressed only in the root epidermal and root hair cells, the PIP5K2 expression is much broader and at higher levels. Thus it is reasonable to speculate that PIP5K2 is the main source of PtdIns(4,5)P 2 production in roots. In addition, PIP5K2 shows a preferential subcellular localization at the plasma membrane, forms aggregates in the BFA compartment after BFA treatment, and interacts with RabE GTPases which are involved in anterograde membrane trafficking [69, 70] , indicating a possible role of PIP5K2 in vesicle trafficking. Our observations confirm that the internalization of the membrane marker FM4-64 is suppressed in pip5k2; this functionality can be recovered by both exogenous PtdIns(4,5)P 2 treatment and complementation by PIP5K2 expression ( Figure 5A ). In addition, exogenous PtdIns(4,5)P 2 stimulates the internalization process in WT cells ( Figure 5B) , which strongly suggests that vesicle trafficking, especially endocytosis, is affected by PIP5K2 through its product PtdIns(4,5)P 2 . These results are similar to previous findings that disruption of PIP5K4 inhibits proper endocytosis and membrane recycling in pollen tubes [21] and consistent with the report that PIP5K6 and PtdIns(4,5)P 2 positively regulate clathrin-dependent endocytosis [18] .
Experiments employing BFA further confirmed the function of PIP5K2 in the regulation of vesicle trafficking and the possible participation of PIP5K2 in an anterograde trafficking process. These agree well with the fact that PIP5K4 and PIP5K5 regulate pollen tube growth through vesicle trafficking and pectin deposition, which is more related to anterograde trafficking and exocytosis, and further reveal that besides in pollen tubes, Arabidopsis PIP5K also regulates vesicle trafficking in root cells. Together with previous studies on Arabidopsis PIP5K3, PIP5K4 and PIP5K5, it is suggested that plant PIP5Ks may have the same function as their animal counterparts in both endocytosis and exocytosis. However, we cannot exclude the possibility that the effect of PIP5K2 could be indirect, through Ins(1,4,5)P 3 and Ins(1,4,5)P 3 -induced calcium signaling.
Significant reduction in the number of both lateral root primordia and lateral roots of all the four developmental stages in pip5k2 seedlings is consistent with the specific and strong expression of PIP5K2 in lateral root primordia and emerged lateral roots. This is different from the expression of PIP5K1 in procambial tissues of leaves, flowers and roots [15] , indicating a crucial role of PIP5K2 in lateral root initiation. Exogenous IAA treatment effectively recovered the lateral root phenotype, confirming the involvement of auxin and strongly suggesting a defect of auxin accumulation or distribution in pip5k2 seedlings, which is further confirmed by the reduced free IAA content in pip5k2 seedlings. These results support the hypothesis that PIP5K2 regulates lateral root formation by modulating auxin accumulation in spite of the fact that polar auxin transport and the function of PIN proteins (which are also affected by PIP5K2 deficiency) play important roles in lateral root initiation as well [24, 71] . By qRT-PCR analysis, we found that the expression of auxin biosynthesis genes CYP79B2, CYP83B1 and NIT3 was suppressed (to ~1/3 of the levels in WT seedlings) and the transcription levels of GH3.2 and GH3.5, which are IAA-amino-acid synthase encoding genes, were stimulated in pip5k2 (Supplementary information, Figure S1 ), which could be the possible mechanism of how PIP5K2 affects auxin accumulation. Thus, expression of both auxin biosynthesis and metabolism genes was modified, reflecting a bidirectional regulation by PIP5K2 on auxin accumulation.
Application of exogenous PtdIns(4,5)P 2 rescues the phenotype of pip5k2 and confirms the importance of PtdIns(4,5)P 2 in the lateral root formation and root gravity response; however, the PIP5K2-overexpression seedlings did not show any phenotypic difference from WT ones. This may be because the activity of PIP5K is regulated by post-transcriptional modifications, such as phosphorylation or de-phosphorylation, or that the product PtdIns(4,5)P 2 is involved in multiple processes, and the presence of complicated regulation routes may balance the elevation of PtdIns(4,5)P 2 levels in plant cells. As Ins(1,4,5)P 3 , the direct product of PtdIns(4,5)P 2 , plays a critical role in the early phase of gravistimulation [40] , it is also possible that the elevation of PIP5K2 expression does not result in the ultimate elevation of in vivo Ins(1,4,5)P 3 level, and hence no difference in gravity response was observed for PIP5K2-overexpression lines.
The regulatory role of PIP5K2 in root gravity response is likely achieved by modulating PIN protein cycling
The delayed root gravity response, which could not be
npg recovered by exogenous IAA and NAA, the hypersensitive response to the polar auxin transport inhibitor NPA and the reduced basipetal and acropetal auxin transport indicate that PIP5K2 is involved in the regulation of polar auxin transport. PIN2, a well-characterized auxin efflux facilitator, mediates basipetal auxin transport and is crucial for gravitropic response. Studies show that PIN2 undergoes cycling between membrane and endosomal compartments, which is dependent on the clathrin machinery and vesicle trafficking [44, 45] . The regulatory role of PIP5K6 and PtdIns(4,5)P 2 in clathrin-dependent endocytosis and decelerated vesicle trafficking (both endocytosis and exocytosis) in pip5k2 suggest that PIN2 cycling might be affected. This is confirmed by further analysis of PIN2 localization and cycling employing BFA and the recovery of polar localization after removal of BFA ( Figure 6B ). The positive effect of exogenous PtdIns(4,5)P 2 on the recovery process highlights the importance of PtdIns(4,5) P 2 and PIP5K2 ( Figure 6C ). Furthermore, PIN3, which is also a critical factor in gravitropic response, was similarly affected as PIN2 in pip5k2 seedlings ( Figure 7 ). This might ultimately result in a delayed root gravity response through interference with basipetal auxin transport. A similar extent of reduction in basipetal auxin transport was detected in pip5k2 compared to pin2 mutant, which shows stronger defects in root gravity response. This may be due to the different measurement protocols, such as the different incubation time with [ 3 H]-IAA and sections used for radioactivity detection. Inhibited asymmetric PIN2 localization and auxin redistribution under gravistimulation in pip5k2 seedlings (Figure 8 ) correlates well with the reduced gravity response, and supports the idea that PIN2 is at least one important downstream factor mediating the regulatory function of PIP5K2 in polar auxin transport and gravity response, thus implicating a potential effect of PIP5K2 on early phases of gravity signal transduction.
Besides the fact that PIP5K2 regulates the PIN protein cycling through PtdIns(4,5)P 2 -mediated vesicle trafficking process, another possibility is that PIP5K2 deficiency and consequent insufficiency of PtdIns(4,5)P 2 may cause changes of the whole-membrane lipid composition, some of which are known to be critical for PIN cycling [47, 48] . Although the possible roles of Arabidopsis PIPKs in vesicle regulation have been indicated [16-18, 20, 22] , the downstream targets are not well characterized yet. Our results reveal for the first time that PIP5K2 affects the function of a specific target, PIN proteins, by regulating vesicle trafficking, to participate in root gravity response. This finding also sheds new light on the crosstalk between PI signaling and auxin response, both of which have crucial regulatory roles in plant development.
PtdIns(4,5)P 2 can directly stimulate the assembly of clathrin-coated vesicles, which is important for the cycling of PIN proteins [45] . In addition, both PIP5K and PtdIns(4,5)P 2 bind to and regulate the activity of certain small GTPases [72] . Particularly, PIP5K2 itself interacts with RabE GTPases, which provide the energy source for vesicle trafficking inside the cells. It is possible that the regulation of PIP5K2 on PIN proteins is mediated through affecting the clathrin machinery. In addition to PIN proteins, other integral membrane proteins, such as ion channels, pumps and ATPases, could also be targets of PIP5K2/PtdIns(4,5)P 2 and the consequent change in membrane composition may also contribute to the reduced polar auxin transport observed in pip5k2. Thus, PIP5K2/PtdIns(4,5)P 2 likely play diverse roles in multiple cellular processes.
Materials and Methods
Plant material and growth conditions
Arabidopsis thaliana ecotype Columbia was used in the study as the plant material. Plant transformation was performed using the floral dip method [73] . Seeds were surface sterilized with 20% (v/v) bleach and sown on Murashige and Skoog (MS) plates. Oneweek-old seedlings were transferred to soil and grown at 22 °C under a 16-h light / 8-h dark photoperiod.
Quantitative real-time RT-PCR (qRT-PCR) analysis
qRT-PCR analysis was performed to study the transcription levels of PIP5K2 in various Arabidopsis tissues, insertion mutant or transgenic plants, as well as the expression pattern of auxin biosynthesis-and metabolism-related genes. Ten-day-old seedlings of pip5k2, different transgenic plants, or WT seedlings growing on standard MS plates treated with IAA (0.1, 1 and 10 µM) or ICA (10 µM) by transferring them into liquid MS media containing corresponding IAA or ICA for 0, 0.5, 1, 2, 3, 6 and 12 h, were harvested for RNA extraction. PCR amplification was executed with the RotorGene 3000 system (Corbett Research) using the SYBR green detection protocol (Toyobo, Tokyo, Japan). The Arabidopsis ACTIN7 gene was used as an internal control, and differences in product levels among the tested samples during the linear amplification phase were used to calculate differential gene expressions. The primers used are as follows: PIP5K2 (5′-GAAGAATGAGT-TGATTGTTGCGAC-3′ and 5′-AGATAGATGCGGTGGTGTG-GTC-3′), and ACTIN7 (5′-TTCCCGTTCTGCGGTAGTGG-3′ and 5′-CCGGTATTGTGCTCGATTCTG-3′).
To analyze the expression of auxin biosynthesis-and metabolism-related genes, 10-day-old WT and pip5k2 seedlings were harvested for RNA extraction. The genes tested were as follows: TRP2 (5′-TTGAATCCGCTTTCTATGCTCT-3′ and 5′-CTGTAAT-GCTCCGTAAGCCTCT-3′), TRP3 (5′-ATCATCTGTAAGCG-GAAAGGTTC-3′ and 5′-TTCAGTTGGCGACTTTGCAT-CAC-3′), CYP79B2 (5′-ATCTGCCGATGCTCACTGGA-3′ and 5′-GCCGCCATTACAAGCTCCTTA-3′), YUCCA3 (5′-CGTTCG-TAGCGCTGTTCATG-3′ and 5′-CTAACGGTCCAATTTTCG-GC-3′), AAO1 (5′-CTGGTGAGGCTGTTTATGTAGACG-3′ and 5′-CAACCAAAAAGGCGATTATCTGA-3′), AMI1 (5′-TCTACT-TCCTCGTCGCCTCCT-3′ and 5′-GCGCATTTTCTCCGTT-TATACTG-3′), TAA1 (5′-TAAACACTATACAAACGACCA-AACC-3′ and 5′-TACACCTGTCACCCATCTTCCT-3′), CYP83B1 (5′-ACCCTAACCGCCCTAAACAAGA-3′ and 5′-GTCAGTTC-CCGGCACAACAATA-3′), NIT3 (5′-AGGTTATTGGCGTTGAC-CCAT-3′ and 5′-ATCTTTCCACTTCAGGGCCAG-3′), GH3.2 (5′-CAAGCTCAGGAACATCTGCTG-3′ and 5′-TCGTCTCT-TGAAGTGGTCGCT-3′), GH3.5 (5′-AGGCGACACGACCT-CAACG-3′ and 5′-GGAACGAACTGGCTCATCACA-3′) and ILL2 (5′-GGATGCTTTGCCTATTCAGGAA-3′ and 5′-GGCA-GAAAGATGTATCCCGAAA-3′).
Promoter-GUS fusion studies and histochemical analysis of GUS activity
The ~1.9-kb PIP5K2 promoter region was amplified by PCR using primers PIP5K2p-1 (5′-CCCAAGCTTATCATTAC-CTCGTGCTCTTCA-3′, added HindIII site underlined) and PIP5K2p-2 (5′-CGGGATCCGATTACGGATTAGGGTGA-3′, added BamHI site underlined) using Arabidopsis genomic DNA as the template. The amplified DNA fragment was subcloned into pCAMBIA1300+pBI101.1 [74] and the resultant construct was transformed into Arabidopsis. Positive transgenic plants were selected through hygromycin resistance screening, and independent lines of T2 and T3 homozygous progeny were used to detect GUS activity. To determine the auxin distribution, 6-day-old DR5-GUS and pip5k2×DR5-GUS seedlings were used. Photography was performed using a Nikon microscope (SMZ800) with a digital camera (Nikon, Coolpix 4500).
T-DNA insertion knockout mutant identification, overexpression and transformation rescue studies of PIP5K2
A putative knockout mutant of PIP5K2, SALK_012487, was identified in the Salk Institute T-DNA insertion library database (http://signal.salk.edu/cgi-bin/tdnaexpress; [52] ) by searching with locus At1g77740. PCR amplification using primer LBa1 (5′-TG-GTTCACGTAGTGGGCCATCG-3′) and gene-specific primer PIP5K2-1 (5′-GAAGAATGAGTTGATTGTTGCGAC-3′), or primers PIP5K2-1 and PIP5K2-2 (5′-AGATAGATGCGGTGGT-GTGGTC-3′), was performed to confirm the insertion of T-DNA or to identify the homozygous mutant lines.
The entire PIP5K2 cDNA fragment was amplified with primers PIP5K2-3 (5′-AGATGATGCGTGAACCGCTT-3′) and PIP5K2-4 (5′-GCTCTAGATTAGCCGTCTTCGATGAAGATTC-3′, added SalI site underlined) and subcloned into pCAMBIA1301 to generate p35S:PIP5K2 harboring PIP5K2 in the sense orientation. The construct was transformed into WT and pip5k2 for overexpression and complementation studies, respectively. The obtained transformants were selected by hygromycin resistance screening. Transcription levels of PIP5K2 in pip5k2 mutant, transgenic WT or pip5k2 seedlings with enhanced or transformation rescue of PIP5K2 were confirmed by qRT-PCR.
Phenotypic analysis of pip5k2 and transgenic plants
Roots of 12-day-old light-grown seedlings on vertical plates were cleared and observed under a Leica DMR microscope using a 40× objective to classify the stage of lateral root development according to Zhang et al. [53] . Lateral root primordia and emerged lateral roots at different stages were quantified and statistically analyzed.
To test the effect of IAA or NAA on lateral root formation, 4-day-old light-grown seedlings were transferred to MS medium containing different concentrations of IAA or NAA (0, 0.1 and 1 µM) for another 8 days, and the number of lateral roots formed per centimeter of primary root was calculated.
The root gravity response was determined by using 4-day-old light-grown seedlings. The angles of root curvature were measured at 2, 4, 6, 8, 10 and 12 h after 90° reorientation in the dark, with the aid of the image-analysis program ImageJ (version 1.34 for Windows; http://rsb.info.nih.gov/ij/). To test the effect of exogenous auxin on root gravity response, various concentrations of IAA or NAA were used, and the angle of root curvature after 90° reorientation was measured after 6 and 12 h in darkness.
FM4-64 staining and confocal microscopy observation
Roots of 4-day-old WT, pip5k2, transgenic WT or pip5k2 seedlings with enhanced or transformation rescue of PIP5K2 were stained with 5 µM FM4-64 (Invitrogen 454218, California, USA) for 10 min, followed by washing with water three times. After incubation in water for 30 min at room temperature, the fluorescence was observed with a confocal laser-scanning microscope with an excitation wavelength of 543 nm (Zeiss LSM 510 META). To monitor vesicle trafficking under phospholipids treatment, the seedlings were incubated with 10 µM PtdIns(4,5)P 2 (SigmaAldrich 64365, Missouri, USA) or 10 µM PtdIns4P (Sigma-Aldrich P7686) for 1 h prior to FM4-64 staining. The phospholipids were delivered into the cells using the polyamine histone H1 PI carrier (Invitrogen 78562) according to the manufacturer's instructions. Treatment of the carrier alone was used as the negative control. All images within a single experiment were captured with the same gain and exposure settings.
NPA and BFA treatments
The primary root lengths of 9-day-old seedlings grown on MS medium supplemented with auxin transport inhibitor NPA (Duchefa Biochemie N0926, Haarlem, Netherlands) were measured and calculated to test the sensitivity to NPA.
To test sensitivity to the vesicle trafficking inhibitor BFA on the physiological level, sterilized seeds of WT and pip5k2 were germinated on MS medium supplemented with various concentrations of BFA (Sigma-Aldrich B-7651). The primary root lengths of 7-day-old light-grown seedlings and hypocotyl lengths of 7-dayold dark-grown seedlings were measured and calculated.
Genetic crosses
Genetic crossing was carried out to transfer the DR5-GUS, PIN2-EGFP and PIN3-GFP cassette individually into pip5k2 plants. The pip5k2 plants were used as the female parent, while DR5-GUS, PIN2-EGFP and PIN3-GFP transgenic plants were used as the male parent. Homozygous cross offspring were used for further analysis.
Visualization of BFA compartments, PIN protein cycling and PIN2 distribution under gravistimulation
Roots of 4-day-old WT and pip5k2 seedlings were incubated with a solution containing FM4-64 (5 µM) and BFA (50 or 100 µM) for 30 min, and then BFA compartments were examined by www.cell-research.com | Cell Research Yu Mei et al. 595 npg confocal laser scanning microscopy. To monitor PIN-protein cycling, the PIN2-EGFP or PIN3-GFP cassette was transferred into pip5k2 by genetic crossing. PINprotein localization in seedlings treated with 50 µM BFA for 0, 0.5, 1 and 2 h, or 2 h treatment with 50 µM BFA followed by 1 and 2 h washing, was observed using confocal laser scanning microscopy with an excitation wavelength of 488 nm. In addition, the BFA-(50 µM, 2 h) pretreated PIN2-EGFP seedlings washed with PtdIns(4,5)P 2 (10 µM), PtdIns4P (10 µM) or carrier alone for 10 or 30 min were used to observe the fluorescent signals. To detect the PIN2 distribution under gravistimulation, fluorescent signals of 4-day-old PIN2-EGFP and pip5k2×PIN2-EGFP vertical positioned seedlings were observed before or after 90° reorientation for 1.5 or 2 h.
Measurement of auxin content and auxin transport in seedlings
Ten-day-old WT and pip5k2 seedlings growing under normal conditions were harvested and freeze-dried. Measurement of free IAA content was performed using LC-MS according to Kowalczyk and Sandberg [75] .
Auxin transport assay was performed according to previous description [76] . Ten-mm root segments were cut from 6-day-old WT and pip5k2 seedlings, and aligned root apices were used for measurement of the polar auxin transport. To test the basipetal auxin transport, agar blocks of 1 mm diameter containing 200 nM [ 3 H]-IAA (23 Ci/mmol, Amersham) were applied at the root tip. After incubation for 8 h, 5-mm sections of the root away from the root tip were collected and placed into scintillation vials containing 2 ml scintillation fluid to examine the radioactivity with a liquid scintillation counter (1450 MicroBeta TriLux; Perkin-Elmer) after 18 h incubation. For measurement of acropetal auxin transport, agar blocks containing 200 nM [ 3 H]-IAA were placed 10 mm back from the root tip and incubated for 12 h; after that 5-mm root segments containing the root tip were harvested to test the radioactivity as described above. Thirty seedlings were used for each assay and the measurements were repeated three times.
Accession numbers
Sequence data generated or used in this study can be found in the EMBL/GenBank database under the following accession numbers: PIP5K2 (At1g77740, NM_106423), ACTIN7 (At5g09810, NM_121018), TRP2 (At5g54810, NM_124862), TRP3 (At3g54640, NM_115321), CYP79B2 (At4g39950, NM_120158), YUCCA3 (At1g04610, NM_100340), AAO1 (At5g20960, NM_122105), AMI (At1g08980, NM_100769), TAA1 (At1g70560, NM_105724), CYP83B1 (At4g31500, NM_119299), NIT3 (At3g44320, NM_114300), GH3.2 (At4g37390, NM_119902), GH3.5 (At4g27260, NM_118860), ILL2 (At5g56660, NM_125049).
